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A gallium nitride (GaN)-based metal-insulator-semiconductor (MIS) ultraviolet photodetector (PD) was fabricated on a sapphire substrate. It was found that the responsive peak of the GaN-based MIS PD redshifted with increasing negative bias, which has not been reported before. Also, the shift of the responsive peak has been interpreted in terms of the tunneling procedure of the photo-generated holes assisted by defects in the interfaces between the GaN layers and the SiN x layers. Gallium nitride (GaN) is considered to be one of the most promising materials for the development of high responsivity and visible blind ultraviolet (UV) photodetectors (PDs) because of its wide direct band gap ($3.4 eV). This wide band gap allows instruments using GaN UV PDs to operate in an environment with significant visible and infrared radiation without expensive visible and infrared blocking filters. Also, the high saturation velocity (v s ¼ 2.7 Â 10 7 cm/s) 1 of GaN leads to high photocurrent and high responsivity for the GaN PDs.
Recently, many GaN-based UV PDs have been reported, including a photoconductive PD, 2,3 a metal-semiconductor (MS) junction PD, 4 a p-n junction PD, 5 a p-i-n PD (Ref. 6) , and avalanche photodiodes. 7 Unfortunately, in highly Mg doped GaN, compensation effects lead to a decrease in the free hole concentration. 8 It is therefore difficult to further improve the performance of the p-n junction PD, p-i-n PD, and avalanche photodiodes. Also, when compared with the photoconductive PD, the MS PDs have many attractive advantages for practical applications, such as low capacitance, high speed, simplicity of fabrication, and compatibility with field effect transistor technology, [9] [10] [11] which make MS PDs the most promising candidates for high-speed photodetection applications. To achieve good performance in MS UV PDs, it is important to improve the crystal quality and obtain a large Schottky barrier height at the MS interface, leading to small leakage currents and high breakdown voltages, which result in improvements in responsivity and photocurrent to dark current contrast ratio. To achieve the large Schottky barrier height on GaN, one method is to use metals with high work functions between the metal and semiconductor. 12 However, many of the high work function metals are not sufficiently stable. Also, severe interdiffusion occurs at the metal-GaN interface. To solve this problem, we can insert an insulating layer between the metal and the underlying semiconductor. 13 With this insulating layer, we can also effectively suppress the leakage current of the PDs.
In this paper, we report the fabrication of GaN-based metalinsulator-semiconductor (MIS) UV PDs. The optical and electrical properties of the fabricated PDs are also discussed.
The GaN samples were prepared in a horizontal metal organic chemical vapor deposition reactor operating at 70 Torr. Trimethylgallium and ammonia gases were used as the precursor chemicals with hydrogen gas as the carrier. Silane (SiH 4 ) was used as the dopant source gas. The substrate used was (0 0 0 1)-oriented sapphire. Immediately before growth, the substrate surfaces were prepared by in situ thermal treatment at 1100 C for 5 min. A $25-nm-thick nucleation layer was deposited at 550 C, followed by a 2.5-lm undoped GaN layer at 1050 C. A 1.2-lm Si-doped GaN layer was then deposited on top of the sample at 1050 C. From room temperature Hall measurements, it was found that the electron concentration was 2.2 Â 10 18 cm
À3
. Room temperature photoluminescence (PL) and x-ray diffraction (XRD) measurements were also performed to evaluate the quality of the as-grown samples. The GaN MIS PDs were then fabricated. First, the GaN samples were cleaned using acetone and alcohol, and then SiN x was deposited on top of the samples by magnetron sputtering. The target was silicon with a purity of 99.95%, and the distance between the target and the substrate was 5.5 cm. The background pressure in the sputtering chamber was 2.8 Â 10 À4 Pa. The deposition processes were performed in an Ar (15 sccm) and N 2 (30 sccm) ambient, which was controlled using a mass flow meter at an applied RF power of 150 W. The working pressure was maintained at 0.7 Pa. The thickness of the SiN x layer was measured to be $10 nm by scanning electron microscopy. To determine the atomic fractions of the SiN x layer, we deposited the same SiN x film on a GaAs substrate at the same time. Energy dispersive spectroscopy (EDS) was then used to determine the atomic fractions of the SiN x film.
After SiN x deposition, the sample was cleaned with acetone and alcohol and dried using purified N 2 . Finally, we deposited a 100-nm Al layer on the surface of the samples by thermal evaporation to serve as the metal contacts. The contacts were 1 mm Â 1 mm in size, and the sensitive area of the a)
Author to whom correspondence should be addressed. Electronic mail: jiangh@ciomp.ac.cn. Room temperature current-voltage (I-V) characteristics of the devices were then measured using a Keithley 237 source meter unit under dark conditions. The photoresponse characteristics of the device were measured using a standard lock-in technique using a 150 W Xe lamp as the excitation light source. Fig. 2 shows the measured XRD pattern of the GaN epitaxial film prepared on the sapphire substrate. The peak located at 2h ¼ 41. 9 in the pattern originated from the (0 0 6) plane of the sapphire substrate. We also observed a GaN (0 0 2) XRD peak at 2h ¼ 34. 7 with a full width at half maximum (FWHM) of 0.079 . This result indicates that the GaN film is grown in the c-axis direction with good crystal quality. The inset of Fig. 2 shows the room temperature PL spectrum of our GaN epitaxial films. It was found that a strong PL peak existed at 367.5 nm (3.37 eV) with a FWHM of the PL peak of only 37 meV. All of these results indicated the good crystal quality of our GaN epitaxial layers.
The EDS results for the deposited SiN x film are shown in Fig. 3 . From the EDS, it was found that the N/Si atom ratio of the SiN x is 1.32, which is below that of stoichiometric Si 3 N 4 . This indicated that N vacancies exist in the SiN x films.
When a bias is applied to the GaN side, the I-V characteristics (Fig. 4(a) ) show good rectifying behavior with a rectification ratio (I forward /I reverse ) of more than 5.5 Â 10 2 at 4 V in the dark, which indicates the formation of a diode. The high rectification ratio indicates the high quality of the electrical properties of our sample device. The turn-on voltage, the reverse leakage current, and the zero bias resistance are found to be 0.5 V, 2.1 Â 10 À8 A at À0.5 V, and 1.79 Â 10 8 X, respectively, by fitting of the I-V characteristics according to the method detailed in Ref. 14. The negative current of the GaN MIS PD is shown in black in Fig. 4(b) , and it is found that the negative current increases exponentially according to the equation, I / expðaVÞ, which is usually observed in wide band gap p-n diodes because of the recombinationtunneling mechanism 15, 16 . The constant a is found to be 1.14 V À1 from fitting of the experimental data in Fig. 4(b) , as shown in red, which is within the range of 0.45-1.50 V À1 for the semiconductor junctions, as suggested by Fedison et al. 17 Also, the I-V characteristics between the two as-deposited Al contacts on GaN are linear, indicating the formation of ohmic contacts (see the inset of Fig. 4(a) ). The photocurrent spectrum of the GaN MIS PD when irradiated from the SiN x side under the application of various negative bias levels is shown in Fig. 5 . From this spectrum, we found that at 0 V bias, the GaN-based MIS PD produces a response. By increasing the bias, the response at longer wavelengths is enhanced. As a result, the wavelength of the photocurrent peak is redshifted along with the increasing negative bias. Under negative bias values of 0 V, 1 V, 3 V, 5 V, and 8 V, the wavelengths of the photocurrent peaks were found to be 298 nm, 298 nm, 325 nm, 340 nm, and 343 nm, respectively, and the photocurrent peaks were found to be 13.3 nA, 20.7 nA, 173.3 nA, 533.3 nA, and 906.6 nA, respectively.
This phenomenon can be explained by the tunneling of the photo-generated holes assisted by the traps at the interfaces. It is well known that when the sample is exposed to light, many electron-hole pairs will be generated in the GaN layer. Under the reverse electrical field of the barrier, the electrons are driven towards the negative electrode (GaN side), and the holes are driven towards the positive electrode (SiN x side). However, because of the high density of the traps at the interface between GaN and SiN x , the holes cannot tunnel through the SiN x barrier easily and are captured by the trap energy levels. According to the quantum mechanism, when the bias is low, only holes with higher energy can tunnel through the barrier easily. As a result, when the bias is low, the photoresponse at shorter wavelengths will be greater. When the bias increases, the effective barrier height decreases, and thus holes with lower energies can also tunnel through the barrier. Consequently, the photoresponse at longer wavelengths is enhanced when the bias increases. In other words, the hole tunneling probability follows the equation:
where V(x), E, m, and D 0 are the one-dimensional potential barrier, the particle energy, the particle mass, and a normalized coefficient, respectively. From Eq. (1), the tunneling probability is seen to be modulated by the potential barrier and the particle energy, which in turn is modulated by the bias and the trap depth at the interface between GaN and SiN x .
To further illustrate this tunneling process, the energy diagram of the GaN MIS detector for different negative bias levels is shown in Fig. 6 . The DE v between GaN and Si 3 N 4 has been measured to be 1.2 eV using x-ray photoelectron spectroscopy. 18 Also, Gritsenko et al. 19 and Aozasa et al. 21 When the samples are illuminated, the photo-generated holes in the interfaces will be captured by trap 1 and trap 2. When the negative bias is low (0 V, 1 V), only the holes trapped in trap 1 can tunnel through the barrier (solid line in Fig. 6 ), which corresponds to the photocurrent peak at 295 nm. When the negative bias increased (3 V), the height of the barrier decreased. As a result, the holes trapped in both trap 1 and trap 2 can both tunnel through the barrier (dashed line in Fig. 6 ), which corresponds to the photocurrent peak at 325 nm. When the negative bias increases further (5 V and 8 V), the barrier is narrow enough to allow the holes in the valence band to tunnel through, which corresponds to the photocurrent peak at 340 nm. In this case, the photocurrent spectrum showed the intrinsic energy band characteristics of GaN films.
In conclusion, GaN MIS UV PDs were fabricated. The dark current and optical responsivity were measured and analyzed. EDS results indicated that N vacancies existed in the SiN x layer, and the I-V curve showed that tunneling mechanics assisted by the defects dominated the current transport procedure in the devices. A shift in the responsive peak wavelength phenomenon has been observed and explained using the tunneling assisted by the defect energy levels in the insulator layer. 
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